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Inhibition of autophagy sensitizes malignant pleural
mesothelioma cells to dual PI3K/mTOR inhibitors

N Echeverry1, G Ziltener1, D Barbone2, W Weder3, RA Stahel1, VC Broaddus2 and E Felley-Bosco*,1

Malignant pleural mesothelioma (MPM) originates in most of the cases from chronic inflammation of the mesothelium due to

exposure to asbestos fibers. Given the limited effect of chemotherapy, a big effort is being made to find new treatment options. The

PI3K/mTOR pathway was reported to be upregulated in MPM. We tested the cell growth inhibition properties of two dual PI3K/

mTOR inhibitors NVP-BEZ235 and GDC-0980 on 19 MPM cell lines. We could identify resistant and sensitive lines; however, there

was no correlation to the downregulation of PI3K/mTOR activity markers. As a result of mTOR inhibition, both drugs efficiently

induced long-term autophagy but not cell death. Autophagy blockade by chloroquine in combination with the dual PI3K/mTOR

inhibitors significantly induced caspase-independent cell death involving RIP1 in the sensitive cell line SPC212. Cell death in the

resistant cell line Mero-82 was less pronounced, and it was not induced via RIP1-dependent mechanism, suggesting the

involvement of RIP1 downstream effectors. Cell death induction was confirmed in 3D systems. Based on these results, we identify

autophagy as one of the main mechanisms of cell death resistance against dual PI3K/mTOR inhibitors in MPM. As PI3K/mTOR

inhibitors are under investigation in clinical trials, these results may help interpreting their outcome and suggest ways for

intervention.
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Malignant pleural mesothelioma (MPM) is sensitive to

phosphatidylinositol 3-kinase/mammalian target of rapamycin

(PI3K/mTOR) signaling inhibitors due to the activation of PI3K/

mTOR signaling.1,2 The activation may result from inactivation

of INP4A phosphatase, which is downregulated in 44% of

MPM (presented at IMIG2014), or alterations in PI3K signaling

components, which are mutated in 9% of MPM,3 while

receptor tyrosine kinase mutations/amplifications have not

been identified in two recent high-throughput studies.4,5

One of the tumor-suppressor genes frequently mutated in

MPM is NF2 and NF2-null cells were shown to be sensitive to

growth-inhibitory effects of rapamycin6 via mechanisms

involving PI3K signaling-independent mTORC1 activation.

However, the mTOR inhibitor, everolimus, showed no ther-

apeutic benefit in unselected MPM patients.7 As mTORC1

inhibitors often lead to a feedback activation of PI3K activation

in cancers,8,9 we postulated that dual PI3K–mTOR inhibitors

may yield greater therapeutic benefit. Furthermore, NF2 was

also shown to inhibit PI3K activity by binding to PI3K

enhancer-L (PIKE-L), which disrupts binding of PIKE-L to

PI3K10 and loss of NF2 in schwannoma was shown to

sensitize to PI3K inhibitors.11

In a screen on the dual PI3K/mTOR inhibitor NVP-BEZ235,

within the Sanger Institute/MGH’s ‘Genomics of Drug Sensi-

tivity’ screening panel,12 CDKN2A deletion was shown to be

associated with increased sensitivity. Because NF2 and

CDKN2A are indeed the genes most frequently mutated in

MPM, blocking PI3K/mTOR signaling might be a valid

approach to circumvent the difficulty of applying targeted

therapy in the absence of an identified oncogene. The

rationale for targeting the PI3K/mTOR pathway is also

supported by the association of increased activity with

a worse clinical outcome.13,14

NVP-BEZ235(ref 15) and GDC-0980(ref 16) are small-molecule

inhibitors of class I PI3K and mTOR (mTORC1 and mTORC2).

GDC-0980 has been tested in phase I studieswhere the phase I

extension cohort showed two objective responses among 26

patients with mesothelioma.17 Despite these encouraging

results, this drug will not be explored further because of side

effects observed in another clinical trial.18 This, however, should

not deter us for trying to find means to improve the antitumor

effect of this class of agents. We have previously shown that

PI3K/mTOR signaling inhibition sensitizes mesothelioma cells

to drugs that are effluxed viaABCG2 transporter by inhibiting the

function of ABCG2.19 In this study, we aimed at identifying the

underlying mechanisms responsible for sensitivity versus

resistance towards PI3K/mTOR inhibition in a large panel of

mesothelioma cell lines. We observed that PI3K/mTOR inhibi-

tion increases autophagic rate, which constitutes an efficient

mechanism of resistance by inducing growth arrest and survival.

However, blocking autophagy, which per se affects cell growth,

is synthetically lethal when combinedwith PI3K/mTOR inhibitors

by a mechanism involving receptor-interacting protein kinase 1

(RIP1)-dependent cell death.
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Results

Drug sensitivity screening of mesothelioma cell lines.

In this study, we aimed at identifying mechanisms accounting

for sensitivity versus resistance towards dual PI3K/mTOR

inhibitors in a large panel of mesothelioma cell lines. In order

to address this question, we performed a cytotoxicity screen

in 19 commercially available mesothelioma cell lines. Cells

were treated with increasing doses of either NVP-BEZ235 or

GDC-0980, and viability and growth inhibition were assayed

by measuring mitochondrial activity at 72 h using an MTT

assay. The IC50 distribution determined for NVP-BEZ235

showed a difference of about 26-fold between the most

sensitive and the most resistant cell lines, whereas

GDC-0980 IC50 distribution was more homogenous and

showed a maximal difference of 8-fold (Figure 1).

In order to determine whether the results obtained were

suitable to select resistant and sensitive cell lines, we tested

whether the percentages of growth and viability for a given

concentration of either GDC-0980 or NVP-BEZ235 were

normally distributed using the Quantile-Quantile Plot (Q-Q Plot)

normality test (Figure 1, Supplementary Figure S1). Both NVP-

BEZ235 and GDC-0980 cell growth inhibition and viability were

normally distributed. The results of viability for NVP-BEZ235

and GDC-0980 were centered at 45.7 and 43.65%, respec-

tively, of untreated control providing maximal sensitivity to

detect both resistant and sensitive lines. Thresholds of sensitive

and resistant cell lines were set using ±1 S.D. from the mean.

The distribution of the cell lines based on the IC50 was

consistent to the one observed in the Q-Q Plot.

The published IC50 of NVP-BEZ235 observed in cell lines

ranges from 10 to 100 nM20,21 and for GDC-0980 varies

between 200 and 500 nM.22 The IC50 of 26% of the MPM cell

lines treated with NVP-BEZ235 waso100 nM and the IC50 of

68% of MPM cell lines cells treated with GDC-0980 was

o500 nM. Based on this observation, the concentration of the

drug used for functional assays for NVP-BEZ235 was set to

200 nM, which includes the IC50 of 58% of the cell lines. For

GDC-0980, 500 nM was chosen.

No differences between sensitive and resistant cell lines

in PI3K/mTORC1/2 signaling. To perform functional assays,

six representative cell lines overlapping in sensitivity and

resistance to both drugs were chosen, including the sensitive

SPC212, ZL34 and Mero-25 and the resistant cell lines Mero-

83, Mero-82 and ONE58. We further examined whether PI3K/

mTORC1/2 activity markers' phosphorylation was differen-

tially inhibited in sensitive versus resistant cell lines and found

no substantial differences at the level of mTORC1 signaling

(Figure 2a). Both inhibitors similarly reduced the phosphor-

ylation of mTORC1 activity markers 4E-BP1 and S6 already

after 4 h of treatment, and this was maintained after 72 h in

a dose-dependent manner. S6 phosphorylation did not

correlate with 4E-BP1 phosphorylation, and this may be

representative on the addiction of cancer cells to aberrant

eIF4F heterotrimer-mediated translation,23 the assembly of

which is inhibited by dephosphorylated 4E-BP1.

Figure 1 Identification of mesothelioma cell lines sensitive versus resistant to PI3K/mTOR inhibition. IC50 of 19 MPM cell lines: ACC-Meso-1, SPC212, MSTO-211H, ZL34,
ZL55, NCI-H2452, ZL5, NCI-H226, SPC111, NCI-H2052, Mero-25, Mero-95, SDM103T2, ACC-Meso-4, Mero-82, ONE58, Mero-14, Mero-84 and Mero-83 and Q-Q Plot
normality test at 250 nM after 72 h treated with (a) NVP-BEZ235 and (b) GDC-0980
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Figure 2 Decrease of PI3K/mTOR signaling is accompanied by G1 arrest, which is more pronounced in sensitive cell lines. (a) Protein lysates of sensitive cell lines SPC212,
ZL34 and Mero-25 and resistant cell lines Mero-83, Mero-82 and ONE58 were analyzed by western blotting against PI3K/mTOR activity markers: phospho-AKT (Thr308),
phospho-AKT (Ser473), AKT, phospho-S6, S6, phospho-4E-BP1, 4E-BP1, and Actin. Each cell line was serum-starved for 16 h and treated as indicated for 4 h with 1000 μg/ml
IGF-1, 0.5 μM NVP-BEZ235, 0.5 μM GDC-0980 or treated for 72 h with increasing concentrations of NVP-BEZ235 or GDC-0980 as indicated. (b) Cell cycle profile of sensitive
cell line SPC212 and resistant line Mero-82 treated with 0.2 μM NVP-BEZ235 or 0.5 μM GDC-0980 for 72 h. Data are presented as means± S.D. from ≥ 3 independent
experiments. Significance was determined by Student's t-test (***Po0.005, **Po0.01 and *Po0.05; NS, not significant)
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GDC-0980 phosphorylation inhibition of mTORC2 substrate

AKT (Ser473) was very efficient at 4 h and maintained after

72 h in most of the lines analyzed, whereas NVP-BEZ235

inhibitory effect decreased after 72 h. Similarly, inhibition of the

PI3K p100 activity marker phosphorylation AKT (Thr308) was

efficient with both drug at 4 h but only the GDC-0980 inhibitory

effect wasmaintained after 72 h for most of the lines analyzed.

Similar results with NVP-BEZ235 were observed by Serra

et al.21 in PI3K/mTORC2 inhibition in breast cancer cells

where only high concentrations of 500 nM achieved efficient

inhibition of PI3K p100. Taken together, although there was no

correlation between markers of PI3K/mTORC1/2 activity and

the cell growth in sensitive and resistant cell lines for both dual

PI3K/mTORC1/2 inhibitors, GDC-0980 was more efficient in

blocking PI3K/mTORC2 compared with NVP-BEZ235.

We further investigated the sensitive line SPC212 and the

resistant cell line Mero-82 based on their ability to grow in 3D

cultures. Cell growth inhibition was confirmed by analyzing the

cell cycle profile for each cell line after 72 h of treatment.

G1 accumulation with 200 nM NVP-BEZ235 and 500 nM

GDC-0980 was significantly more pronounced in the sensitive

lines than the resistant cell lines; however, no cell death was

observed (Figure 2b, Supplementary Figure S2).

PTEN, a negative regulator of the PI3K pathway, was

differentially expressed in all the MPM cell lines tested

(Supplementary Figure S3). The sensitive cell lines Mero-25

and ACC-Meso-1 showed no expression of PTEN, indicating

that overactivation of PI3K pathway predisposes to sensitivity

to the inhibitors.

NF2 loss was shown to sensitize to both PI3K and mTOR

inhibitors.6,11 Only four MPM lines expressed NF2 protein

(NCI-H2452, ACC-Meso-4, MSTO-211H and Mero-25), con-

sistent with previous studies.6,24,25 Of the four lines, three

(NCI-H2452, ACC-Meso-4, MSTO-211H) have documented

wild-type NF2 according to CCLE database and published

data.24,26 Because only few lines express proven wild-type

NF2, it is difficult to draw any conclusion about any correlation

between NF2 status and sensitivity and resistance to dual

PI3K/mTOR inhibitors in our experimental settings.

MPM cell lines have high levels of basal autophagy.

Autophagy is a survival mechanism by which cytosolic

material is sequestered in a double-layered membrane,

autophagosome, delivered to the lysosome for degradation

and recycled to fuel cellular growth in periods of starvation or

distress.27 Cancer can take advantage of this mechanism to

maintain cell viability, leading to tumor dormancy, progression

and therapeutic resistance.28 Consistently with the observa-

tions done by others that NVP-BEZ235 induces autophagy in

glioma cells29–31 and GDC-0980 in pancreatic cancer,32 we

also observed sustained autophagy induction in SPC212 and

Mero-82 cells after 72 h of treatment, evidenced by the

processing of LC3-I to the autophagosome localized LC3-II

form and P62 degradation (Figure 3a). Therefore, we

hypothesized that autophagy could act as resistance

mechanism in our mesothelioma model. We found that

almost all the mesothelioma cells analyzed had high levels

of basal autophagy as indicated by LC3-II form (Figure 3b) as

compared with the non-transformed mesothelial cell line

SDM104. Overnight serum starvation did not considerably

increase the level of basal autophagy in most of the cell lines

analyzed, in contrast to other metabolism adjustments

observed after external growth factor deprivation.33 No

correlations between levels of LC3-II and changes of PI3K/

mTOR signaling regulators such as PTEN, NF2 as well as

mTORC1 activity (documented by S6 phosphorylation)

between resistant and sensitive lines were observed in

serum-deprivation conditions (Supplementary Figure S3).

SPC212 and Mero-82 cells have a high autophagic flux

and autophagy blockade sensitizes them to PI3K/mTOR

inhibitors inducing cell death in a RIP1-dependent

manner. GDC-0980 and NVP-BEZ235 alone or in combina-

tion with other chemotherapeutics or radiotherapy have been

shown to induce intrinsic apoptosis in a variety of solid and

liquid tumors.20,22,29,34–36 Moreover, in cancers, such as renal

cell carcinoma or pancreatic cancer, the combination of

autophagy inhibitor chloroquine (CQ) with single mTOR or

dual PI3K/mTOR inhibitors sensitizes the cells and induces

caspase-dependent and -independent cell death.32,37–39 CQ

is a lysosomotropic drug that raises intralysosomal pH40 and

impairs autophagic protein degradation.

In order to test whether NVP-BEZ235 and GDC-0980

promote survival via autophagy, sensitive and resistant lines

were treated with the inhibitors alone or in combination with

CQ. CQ alone and in combination with GDC-0980 efficiently

blocked autophagy after 24 h of treatment, and this effect was

maintained after 72 h. GDC-0980 alone increased the

autophagic flux in SPC212 and Mero-82 cells at 72 h

(Figure 4a). Strong cytoplasm vacuolization was induced with

CQ treatment alone or in combination with the inhibitors in

both cell lines, supporting the results from the immunoblotting

(Figure 4b). Although a strong morphological impact of CQ

combined with dual PI3K/mTOR inhibitors was observed at

earlier time points, cell death was detected only after 96 h in

the cell lines tested (Figure 4c, Supplementary Figure S4).

We observed a significant ATP drop in both cell lines treated

with CQ alone, and this was less prominent in the resistant line

Mero-82 after 96 h of treatment. The combination showed a

significant additive effect in the reducing ATP levels in SPC212

cells and a minor effect in Mero-82 (Figure 4c), which was

confirmed by colony-formation assay in Mero-82 cells

(Supplementary Figure S5).

In order to confirm the role of autophagy in sensitization to

PI3K/mTOR inhibition, we silenced the Atg5 gene (Figure 5a),

which is important for the autophagosome elongation. Silen-

cing of Atg5 resulted in abolition of P62 accumulation after CQ

treatment (Figure 5b), thus demonstrating efficient blockade of

autophagy. Similar results were observed with a second short

hairpin system (data not shown). Surprisingly, silencing Atg5

gene was associated with significantly impaired cell growth in

SPC212 sensitive line and Mero-82 resistant line (Figure 5c),

indicating the dependency of the MPM on autophagy.

Because of this phenotype, we could not test the effect of

PI3K/mTOR inhibition.

To determine the type of cell death induced by the

combination of CQ and the dual PI3K/mTOR inhibitors, cells

were examined for apoptosis by assessing the Annexin V/PI

viability assay (Figure 6, Supplementary Figure S6), effector

caspase 3 processing and cleavage of the caspase 3

PI3K/mTOR signaling and autophagy in mesothelioma
N Echeverry et al

4

Cell Death and Disease



substrate PARP. We observed cell death induction in both

SPC212 and Mero-82 cells with both inhibitors in the Annexin

V/PI assay; however, significant higher cell death induction

was only achieved when CQ was added. This additive effect

was bigger in the sensitive line SPC212 than in the resistant

line Mero-82. Addition of the broad spectrum pan-caspase

inhibitor Z-VAD-FMK failed to rescue cell death (Figure 6a). No

active caspase-3, PARP cleavage or cytochrome c release

was detected upon combined treatment (Figure 6b,

Supplementary Figure S7), and we also did not observed an

increase of the BH3 only protein BIM (data not shown).

Altogether, these observations support that intrinsic apoptosis

was not involved. We then checked whether the death

observed may occur via RIP1-dependent mechanism.41

SPC212 and Mero-82 cells were treated with CQ and NVP-

BEZ235 or GDC-0980 in the absence and presence of the

specific RIP1 inhibitor Necrostatin-1 (Nec-1).42 Nec-1 alone

was able to significantly block the cell death induced by CQ

and the dual PI3K/mTOR inhibitors in SPC212. In Mero-82

cells, Nec-1 did not block cell death. Furthermore, the dual

PI3K/mTOR inhibitors induced RIP1 degradation (Figure 6c),

which was then rescued by the addition of CQ in both cell lines.

This effect wasmore obvious after 96 h, when the cells started

to die. Interestingly, prosurvival protein X-linked inhibitor of

apoptosis protein (XIAP) was efficiently downregulated as

a result of AKT inhibition only in the sensitive line SPC212 but

not in the resistant line Mero-82.

A number of crosstalk, feedback and feed-forward loops link

the PI3K/AKT/mTOR and Ras/MEK/ERK signaling pathways,

which provide insights into the compensatory responses

observed with targeting either pathway alone.43 We observed

that GDC-0980 induced activation of ERK in resistant Mero-82

cells but not in sensitive SPC212 cells (Supplementary Figure

S8a). ERK activation was also strongly induced by CQ in

resistant Mero-82 cells. To test whether inhibiting the MEK/

ERK pathway would enhance the effect of GDC-0980 and

CQ, we tested U0126, a MEK1/2 inhibitor. U0126 effi-

ciently inhibited ERK induction by CQ and GDC-0980

(Supplementary Figure S8b). However, combination of

U0126, GDC-0980 and CQ did not induce cell death

(Supplementary Figure S8c).

Dual PI3K/mTOR inhibitors in combination with CQ

induce cell death in 3D MPM. Spheroids have been

observed in the pleural fluid of human MPM and linked to

increased malignancy.44 MPM spheroids have been used to

investigate new therapeutic options45 and have shown that

this model better represent biological complexity existing in

patients’ tumor.46,47 Therefore we aimed at verifying in this

model the efficiency of blocking PI3K/mTOR combined with

inhibition of autophagy.

Figure 3 Mesothelioma cells exhibit a high level of autophagy, which is increased upon inhibition of PI3K/mTOR signaling. (a) Anti-P62 and -LC3BI/II and -Actin western blots
of protein lysates of sensitive cell line SPC212 and resistant cell line Mero-82 treated for 72 h with increasing concentrations of NVP-BEZ235 or GDC-0980 as indicated. (b) Anti-
LC3BI/II and -Actin western blots of mesothelial cell line SDM104 and MPM cell lines SPC111, SPC212, NCI-H226, NCI-H2052, NCI-H2452, Mero-14, Mero-25, Mero-82, Mero-
83, Mero-84, Mero-95, ACC-Meso-1, ACC-Meso-4, MSTO-211H and ONE58 left with serum or serum-starved for 16 h. In the lower panel, protein level quantification of LC3BII
normalized against Actin is represented for the cell lines described above with standard culture conditions
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In this study, we used 300-μm diameter densely packed

spheroids formed in 4 days according to a standardized

protocol.48 In these conditions, about one-third of the cells are

in quiescent state,44 thereby corresponding better to prolifera-

tion status of tumoral cells49 compared with 2D cell culture.

Mero-82 and SPC212 spheroids were treated either with

CQ alone or in combination with NVP-BEZ235 or GDC-0980.

Although treatment with CQ alone did not have an impact on

spheroid growth, there was a significant drop in ATP content of

around 20% for both the cell lines (Figures 7a–c). In addition,

the spheroids were refractive and appeared dark in light

microscopy. Treatment of the spheroids with the PI3K/mTOR

inhibitors alone induced significant cell growth inhibition and

ATP drop in both the cells lines (Figures 7b and c).

Combination of CQ with PI3K/mTOR inhibitors did not have

an additional impact on cell growth per se; however, strong

cytoplasm vacuolization and swelling of the single cells

(Figure 7a) was observed. Moreover, there was a significant

additive effect on ATP reduction for both the cell lines.

Interestingly, in the SPC212 spheroids ATP content was

almost depleted and they appeared disintegrated and

individual cells were recognizable while Mero-82 the spheroid

shape was still intact at the time point of analysis.

Inhibition of autophagy did not sensitize normal SDM

104 cells to PI3K/mTOR inhibition (Supplementary Figures

S9a–c).

In order to test whether ERK pathway is involved in Mero-82

resistance in 3D, we added U0126 (Supplementary Figure

S10). Combination of U0126 and GDC-0980 had a slight

additive effect on viability, and there was no additional

significant effect when CQ was added. Disintegration of the

spheroids was not observed after 6 days of treatment. These

Figure 4 Inhibition of autophagy with CQ sensitizes mesothelioma cell lines to PI3K/mTOR inhibitors. (a) Anti-P62, L-C3BI/II and Actin western blots of protein lysates of
sensitive cell line SPC212 and resistant cell line Mero-82 treated with 20 μM CQ, 0.5 μM GDC-0980 or in combination for 24, 48 and 72 h. (b) Light micrographs of SPC212 and
Mero-82 treated with 0.2 μM NVP-BEZ235, 0.5 μM GDC-0980 alone or in combination with 20 μM CQ for 96 h. Scale bar represents 25 μm. (c) Quantification of the percentage
of ATP content of SPC212 cells and Mero-82 cell treated with 0.2 μM NVP-BEZ235, 0.5 μM GDC-0980 alone or in combination with 20 μM CQ for 96 h. Data are presented as
means± S.D. from ≥ 3 independent experiments. Significance was determined by analysis of variance test (***Po0.005, **Po0.01 and *Po0.05; NS, not significant)
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results indicate that ERK is not the major pathway involved in

cell death resistance.

Discussion

In this study, we demonstrate that shortcut escape into

autophagy is one way to improve therapeutic efficiency of

PI3K/mTOR inhibition in MPM.

Several mechanisms have been described to underlie

resistance to PI3K/mTOR inhibition. For example, breast

cancer cell lines resistant to NVP-BEZ235 have increased

JAK2/STAT5 activation resulting from IL-8 secretion.50 Along

these lines, combined treatment with GDC-0980 together

with a c-Met inhibitor efficiently inhibited mesothelioma tumor

growth in vivo.51 Dual PI3K/mTOR inhibitors were described52

to induce ERK activation by inhibiting mTORC2 in pancreatic

cancer. Combination of PI3K/mTOR and MEK/ERK inhibitors

enhanced the drug response. We observed a similar effect in

the resistant cell line Mero-82; however, the combination of

PI3K/mTOR and MEK/ERK inhibitors, in the presence or

absence of autophagy inhibition, did not result in cell death,

indicating that an additional mechanism might be involved.

Another known resistance mechanisms to PI3K/mTOR inhibi-

tion include cap-independent translation and FOXO-mediated

mechanism.53 NVP-BEZ235 was shown to induce upregula-

tion and/or activation of several prosurvival proteins such as

RTK, cytosolic kinases, antiapoptotic proteins and transcrip-

tion factors mostly by cap-independent translation.54 mRNAs

translated under these conditions have a highly structured 50-

untranslated region, which often harbors an Internal Ribo-

some Entry Site sequence and several upstream AUGs. One

of the protein that is translated in this way under conditions of

reduced global protein synthesis is XIAP.55 XIAP is a key

intrinsic regulator of apoptosis, primarily by virtue of its ability

to bind to and inhibit both initiator and effector caspases.56

Although the cellular levels of XIAP are regulated by several

independent mechanisms, the predominant regulation

appears to be the control of XIAP mRNA translation. Levels

of XIAP were upregulated by GDC-0980 in Mero-82 resistant

but not in SPC212 sensitive cells. Interestingly, XIAP levels

were also upregulated by CQ, but this might be related to other

mechanisms, including autophagy inhibition-driven increase

in the levels of proteasome substrates.57

FOXO-dependent mechanisms may underlie the different

response to the two PI3K/mTOR inhibitors used in this study.

Indeed, mTORC2 was more efficiently inhibited by GDC-0980

compared with NVP-BEZ235, resulting in inhibition of AKT

activation. Atg genes are positively controlled by FoxO3a,58

and the latter is negatively regulated by active AKT. Therefore

GDC-0980 by inducing a better blockage of AKT activation

may result in long-term, FOXO3a-dependent commitment to

autophagy, and indeed we observed decreased phosphoryla-

tion of FOXO3a after GDC-0980 treatment (data not shown).

Our observations are consistent with increased efficiency

observed by inhibition of autophagy together with dual PI3K/

mTOR inhibitors in pancreatic cancer59 and peripheral nerve

sheath tumors.60

The cell death observed in our experimental settings is

most likely necroptosis, which is one of the several forms of

regulated cell death involving RIP1, RIP3 and MLKL.41 The

mechanism activating necroptosis include dropping ATP

levels, which at some point abolish the activity of all ATP-

dependent enzymes (including various transporters that

maintain ionic balance at the plasma membrane) and

Figure 5 Autophagy is necessary for mesothelioma cell growth. SPC212 and Mero-82 cell lines were stable transduced with virus particles carrying Mir30- Sh-Atg5 or Mir30-
Sh-Ctrl. (a) Atg5 gene silencing was confirmed by anti-ATG5 western blotting. (b) Anti-P62, -LC3BI/II and -Actin of SPC212 and Mero-82 Sh-Atg5 and Sh-Ctrl untreated or treated
with 20 μM CQ for 4 h. (c) Fold cell growth of SPC212 and Mero-82 Sh-Atg5 and Sh-Ctrl for 3 days. Data are presented as means± S.D. from three independent experiments.
Significance was determined by Mann–Whitney U-test (*Po0.05)
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a compromised redox balance (which inactivates various

enzymes and causes oxidative molecular damage to orga-

nelles and membranes) as central players in the execution of

regulated cell death.41 We documented a drastic decrease of

ATP levels which supports the theory that cells died due to

necroptosis. The decrease of ATP level wasmore severe in the

sensitive SPC212 cells compared with the resistant Mero-82

cells. Interestingly, cell death induced by combined treatment
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Figure 7 Inhibition of autophagy with CQ combined with inhibition of PI3K/mTOR signaling induces spheroid cell death. (a) Representative light micrographs of SPC212 and
Mero-82 spheroids treated as indicated with 1 μM NVP-BEZ235, 1 μM GDC-0980 and 20 μM CQ for 6 days. (b) Fold increase volume (growth) of spheroids shown in panel
(a). (c) Viability is presented as the percentage of ATP content in SPC212 and Mero-82 spheroids treated as described in panel (a). Data are presented as means± S.D. from≥ 3
independent experiments. Significance was determined by analysis of variance test (***Po0.005 and *Po0.05; NS, not significant)

Figure 6 Inhibition of autophagy with CQ combined with inhibition of PI3K/mTOR signaling induces caspase-independent cell death. (a) SPC212 and Mero-82 cell lines were
treated as indicated with 0.2 μM NVP-BEZ235, 0.5 μM GDC-0980, 20 μM CQ, 20 μM ZVAD-FMK or 50 μM Nec-1 for 96 h. Cell death was assessed by GFP-Annexin V/PI
staining and flow cytometry. Data are presented as means± S.D. from three independent experiments. Significance was determined by analysis of variance test (***Po0.005,
**Po0.01 and *Po0.05; NS, not significant). (b) Anti- PARP, -Caspase 3 and -Actin western blots of SPC212 and Mero-82 treated as indicated with 0.2 μM NVP-BEZ235,
0.5 μM GDC-0980 and 20 μM CQ. SV40 immortalized wt MEFs treated for 15 h with 3 μg/ml Etoposide were used as control for apoptosis. (c) Anti-XIAP (asterisk (*) represents
unspecific band), -RIP1 and -Actin western blots of protein lysates of SPC212 and Mero-82 treated as indicated with 0.2 μM NVP-BEZ235, 0.5 μM GDC-0980 and 20 μM CQ for
72 and 96 h
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was efficiently blocked by RIP1 inhibitor Nec-1 only in the

sensitive cell line SPC212. This indicates that the actual

induction of cell death in the resistant Mero-82 line happens in

a RIP1-independent context, most probably involving only

RIP3 andMLKL.41 The likelihood of this scenario is suggested

by recent data showing that XIAP inhibits TNF- and RIP3-

dependent cell death61 and by our observation that XIAP was

not efficiently downregulated upon combined drug treatment

in Mero-82 compared with SPC212 cells

The results observed were consistent in the 2D and 3D

models. This is important as baseline phosphorylation of

PI3K/AKT/mTOR pathway members have been described to

be reduced in 3D spheroids compared with 2D.47 Because

3D/spheroids represent a closer model to tumor biological

complexity, these results suggest that this combined ther-

apeutic option should be explored in clinical settings.

In addition, we observed that inhibition of autophagy per se

had an effect on mesothelioma cell growth. Autophagy

promotes the survival of cells resistant to apoptosis when

they are deprived of extracellular nutrients or growth factors.

Treatment of such cells dependent on autophagy for survival

with CQ results in ATP-depletion-dependent cell death.62

Inhibition of cancer cells' intrinsic autophagy by silencing Atg5

decreases B16-F10 tumor growth.63Autophagy has a context-

dependent role in cancer.64 It is upregulated and required for

the survival of tumor cells in hypoxic tumor regions.64

Knocking out essential autophagy genes in genetically

engineered mouse models for cancer have demonstrated

a pro-tumorigenic role for autophagy.65 The mechanisms

behind 'autophagy addiction' observed in MPM cells are

beyond the scope of present study but will be further explored.

In conclusion, we demonstrated the PI3K/mTOR inhibitors

increase autophagy levels in MPM and combination together

with CQ should be further explored as inhibition of autophagy

blocks this resistance mechanism.

Materials and Methods
Reagents. Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham
(DMEM–F12), propidium iodide and Penicillin/Streptomycin 100 × stock solution
were purchased from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland). Trypsin
solution 0.25% was purchased from GIBCO (Life Technologies Europe, Zug,
Switzerland). Fetal calf serum (FCS, CVFSVF00-01) was purchased from Eurobio
(Ulis (Les), France). Puromycin was purchased from AppliChem (Darmstadt,
Germany). Z-Val-Ala-DL-Asp-fluoromethylketone (Z-VAD-FMK) was purchased from
BACHEM (Bubendorf, CH, Switzerland). Nec-1 was purchased Enzo LifeSciences
AG (Lausen, Switzerland). NVP-BEZ235 was obtained from Novartis (Basel,
Switzerland) and GDC-0980 was obtained from Genentech (Roche, Basel,
Switzerland). U0126 was purchased from Cell Signaling Technology (Allschwil,
Switzerland). Nivaquine (chloroquine sulfate) was purchased from Sanofi Aventis
(Paris, France). Recombinant His6-GFP-Annexin V was kindly provided by T
Kaufmann (Bern, CH, Switzerland).

Cell culture. The following mesothelioma cell lines have been used: ZL55, ZL5,
ZL34, SDM103T2, SPC111 and SPC212 from our laboratory; NCI-H226, NCI-
H2052, NCI-H2452, MSTO-211H66 were obtained from ATCC (Wesel, Germany);
ACC-Meso-1 and ACC-Meso-424 were obtained from Riken BRC (Ibaraki, Japan);
and Mero-25, Mero-82, Mero-83, Mero-84, Mero-95(ref 67) and ONE58(ref 68) was
obtained from the European Collection of Cell Cultures (Salisbury, UK). The non-
transformed mesothelial cell line SDM104(ref 69) was established in our laboratory.
Cells established in our laboratory were maintained as described by Thurneysen
et al.70 The rest of the cell lines were cultured in DMEM–F12 supplemented with
15% FCS and 1% Penicillin/Streptomycin solution. SV40 immortalized wild-type
MEF cells and Hek 293T cells were cultured in DMEM high glucose medium

supplemented with 10% FCS and 1% Penicillin/Streptomycin. All cells were cultured

at 37 °C in a humidified 5% CO2 atmosphere.

Gel electrophoresis and immunoblotting. Total protein extracts were
prepared by lysing the cells with hot H8 buffer containing 10 mM Tris-Cl pH 7.4,

2 mM EDTA, 2 mM EGTA and 1% SDS and boiled for 5 min. Protein concentration

was determined using a DC Protein Assay (Bio-Rad, Hercules, CA, USA), and
proteins were prepared by adding 6 × reducing Lämmli buffer (600 mM DTT) and

boiling the samples for 5 min. A total of 10 μg protein per extract was separated on

denaturing 4–20% gradient SDS-PAGE gels. Proteins were transferred onto PVDF

transfer membranes (0.45 μm, Perkin Elmer, Schwerzenbach, Switzerland). For
western blotting, membranes were probed with the following primary antibodies:

rabbit anti-AKT (no. 9272), rabbit anti-Phospho-AKT (Thr308) (no. 9275), rabbit anti-

Phospho-AKT (Ser473) (193H12, no. 9275), mouse anti-S6 (54D2, no. 2317), rabbit

anti-Phospho-S6 (Ser235/236) (D57.2.2E, no. 4858), rabbit anti-4E-BP1 (no. 9452),
rabbit-Phospho-4E-BP1 (Thr37/46) (236B4, no. 2855), rabbit anti-p44/42 MAP

Kinase (no. 9102), rabbit anti-Phospho-p44/42 MAP Kinase (Thr202/Tyr 204) (no.

9101), rabbit anti-PTEN (138G6, no. 9559), rabbit anti-LC3B (no. 2775), rabbit anti-

PARP (no. 9542), rabbit anti-caspase-3 (no. 9662) from Cell Signaling Technology;
rabbit anti-NF2 (C18, no. sc-332) from Santa Cruz Biotechnologies (Dallas, TX,

USA); guinea pig anti-p62 (GP62-C) from Progen (Heidelberg, Germany); mouse

anti-RIP (no. 610458) and mouse anti-XIAP (no. 610763) from Transduction

Laboratories (Allschwil, Switzerland); mouse anti-ATG5 (7C6) from Nanotools
(München, Switzerland); rabbit anti-Phospho-NF2 (Ser518) (PAI-14252) from Pierce

(Rockford, IL, USA) and mouse anti-Actin (no. 69100) from MP Biomedicals (Santa

Ana, CA, USA). Membranes were then incubated with the secondary antibody goat

anti-mouse IgG-HRP (A-5420) from Ancell (Bayport, MN, USA), goat anti-guinea pig
IgG-HRP (sc-2438) from Santa Cruz and goat anti-rabbit IgG-HRP (no. 7074) from

Cell Signaling. The signals were detected by enhanced chemiluminescence (ECL

Western Blotting Reagents, GE Healthcare, Glattbrugg, Switzerland) and detected

on photosensitive film (Super RX Fuji x-Ray Film, Fujifilm, Düsseldorf, Germany).

Quantification of cell death by flow cytometry. Floating cells and
attached cells were collected and washed with Annexin V staining buffer (150 mM

NaCl, 4 mM KCl, 2.5 mM CaCl2, 1 mM MgSO4, 15 mM HEPES pH 7.2, 2% FCS

and 10 mM NaN3) and incubated with GFP-Annexin V diluted in staining buffer for
at least 30 min on ice in the dark. Cells were then washed in Annexin V staining

buffer and resuspended in 500 μl staining buffer. Propidium iodide was added to a

final concentration of 2 μg/ml, and cells were examined using on an Attune flow

cytometer (Applied Biosystems, Zug, Switzerland) and analyzed with the Attune
cytometric software v1.2.5 (Applied Biosystems). GFP-Annexin V- and propidium

iodide-positive cells were considered as dead cells.

MTT assay and IC50 calculation. Cells were plated in sextuplicates at a
density of 3000 cells/well in 96-well plates and allowed to adhere overnight

followed by serum starvation for 16 h. The cells were then exposed to 0, 0.001,

0.01, 0.05, 0.1, 0.25, 0.5, 1 and 5 μM of GDC-0980 or NVP-BEZ235 for 1 h in

serum-free condition, and medium containing serum and the inhibitors were
added to the cells and incubated for 72 h. Mitochondrial activity as a readout for

cellular viability was assessed by MTTassay. In all, 10 μl of a 10 mg/ml MTT stock

solution (3-amino-9-ethyl-carbazole, Sigma Aldrich, Buchs, Switzerland) was

added per well containing cells in 100 μl DMEM–F12 without Phenol Red. Plates

were incubated for 90 min at 37 °C and cells lysed with 100 μl MTT lysis buffer
(10% SDS, 45% dimethyl formamide, adjusted to pH 4.7 by 80% acetic acid/1 M

HCl) for 2 h. Absorbance was measured at 570 nm using SpectraMax microplate

reader (Molecular Devices, Sunnyvale, CA, USA). IC50 was calculated using the

GraphPad Prism Software (GraphPad Inc., San Diego, CA, USA). Cell growth
inhibition was assessed using the formula 100 × (t− t0)/(c− t0)= 50, where ‘t’ is

the OD of 72-h exposure time to the test drug, ‘t0’ the OD at time 0 and ‘c’ the

control OD in the absence of drugs.

Cell cycle analysis. For cell cycle analysis, floating cells and attached cells
were collected, washed with D-PBS and fixed with ice cold 70% ethanol on ice for

30 min. Then cells were washed twice with D-PBS and incubated with PI/RNAse

solution (50 μg/ml and 100 μg/ml) at RT for 1 h. Cells were analyzed on an Attune
flow cytometer (Applied Biosystems) and data were processed using the ModFit LT

cell cycle software (Topsham, ME, USA).
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Spheroid formation. To form spheroids, 1000 cells/well for SPC212 and 2000
cells/well for Mero-82 per well were plated on ultra-low attachment 96-well round-
bottomed plates (Sigma-Aldrich). Cells were concentrated by gentle centrifugation
at 300 × g for 5 min and incubated at 37 °C for 4 days in order to reach 250–300 μm
before starting the treatment. For each treatment, triplicates were performed. After
6 days, volume of the spheroid was calculated by measuring the spheroid diameter
on light micrographs. Spheroid growth fold increase was assessed using the formula
(t− t0)/(c− t0); ‘t’= spheroid volume after 6 days of exposure to test drug,
‘t0’= spheroid volume at time 0 and ‘c’= control spheroid volume after 6 days.
Viability was performed by determining the ATP content of the spheroids using
CellTiter-Glo Luminescent Cell Viability Assay (D160963, Promega, Dübendorf,
Switzerland), following the manufacturer's instructions. Luminescence was acquired
using GloMax 96 Microplate Luminometer (Promega).

Lentiviral gene transfer and gene silencing. Two types of short
hairpins targeting Atg5 and their respective controls were used: Atg5 shRNA was
subcloned in pMSCV-Puro-miR30(ref 71) and pLKO.1 ATG5 shRNA (Sigma-Aldrich),
which were kindly provided by Dr. HU Simon (Bern, CH, Switzerland). HEK
293T cells were co-transfected with PMD2.VSV-G (envelope coding sequence):
psPAX2 (packaging elements): shRNA Atg5 or control (total of 5 μg of DNA) at a
ratio of 2:5:3 in 10-cm tissue culture dishes using Lipofectamine 2000 Transfection
Reagent (Life Technologies). Lentiviral particles were harvested from the medium
24 and 48 h later, pooled and passed through a 0.2-μm filter and used fresh for
infection or stored in aliquots at − 80 °C. Target cell lines were transduced in the
presence of 8 μg/ml polybrene. Successfully transduced cells were selected with
0.3 μg/ml puromycin for a minimum of 3 weeks.

Statistical analysis. IC50 was calculated using the GraphPad Prism version
5.0 (GraphPad Inc.). Q-Q Plot was used to identify sensitive and resistant cell lines.
Drug response viability of the cell lines 41 S.D. from the mean were considered
resistant, and the drug response viability of cell lines o1 S.D. from the mean were
considered sensitive. Statistical analyses were performed using StatView version
5.0.1 (SAS Institute, Cary, NC, USA). In order to evaluate statistically significant
differences between normally distributed variables paired, Student’s t-test was used.
To assess significance between variables, which were not normally distributed,
Mann–Whitney U-test was used. To determine significant additive effects between
combination treatments and inhibition of cell death with the inhibitors, ANOVA test
was performed. Differences were considered significant when Po0.05.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements. We thank Mituna Ragulan, Manuel Ronner and Linn Bär
for skillful assistance in western blotting analysis. We are grateful to Dr. Simon (Bern,
CH) for Atg5 silencing plasmids and Dr. Kaufmann (Bern, CH) for the recombinant
Annexin V-GFP. We also thank Dr. Kaufmann for critical evaluation of the manuscript.
This work was supported by the Swiss National Science Foundation, Baugarten
Foundation and the Simmons Mesothelioma Foundation.

1. Altomare DA, You H, Xiao GH, Ramos-Nino ME, Skele KL, De Rienzo A et al. Human and

mouse mesotheliomas exhibit elevated AKT/PKB activity, which can be targeted

pharmacologically to inhibit tumor cell growth. Oncogene 2005; 24: 6080–6089.

2. Guo Y, Chirieac LR, Bueno R, Pass H, Wu W, Malinowska IA et al. Tsc1-Tp53 loss induces

mesothelioma in mice, and evidence for this mechanism in human mesothelioma.Oncogene

2013; 33: 3151–3160.

3. Guo G, Chmielecki J, Goparaju C, Heguy A, Dolgalev I, Carbone M et al. Whole exome

sequencing reveals frequent genetic alterations in BAP1, NF2, CDKN2A and CUL1 in

malignant pleural mesothelioma. Cancer Res 2014; 75: 264–269.

4. Thomas RK, Baker AC, Debiasi RM, Winckler W, Laframboise T, Lin WM et al. High-

throughput oncogene mutation profiling in human cancer. Nat Genet 2007; 39: 347–351.

5. Bott M, Brevet M, Taylor BS, Shimizu S, Ito T, Wang L et al. The nuclear deubiquitinase BAP1

is commonly inactivated by somatic mutations and 3p21.1 losses in malignant pleural

mesothelioma. Nat Genet 2011; 43: 668–672.

6. Lopez-Lago MA, Okada T, Murillo MM, Socci N, Giancotti FG. Loss of the tumor suppressor

gene NF2, encoding merlin, constitutively activates integrin-dependent mTORC1 signaling.

Mol Cell Biol 2009; 29: 4235–4249.

7. Garland LL, Ou SH, Moon J, Mack PC, Testa J, Tsao AS et al.WOG 0722: A phase II study

of mTOR inhibitor everolimus (RAD001) in malignant pleural mesothelioma (MPM). J Clin

Oncol 2012; 10: 387–391.

8. O'Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D et al. mTOR inhibition induces

upstream receptor tyrosine kinase signaling and activates Akt. Cancer Res 2006; 66:

1500–1508.

9. Carracedo A, Ma L, Teruya-Feldstein J, Rojo F, Salmena L, Alimonti A et al. Inhibition of

mTORC1 leads to MAPK pathway activation through a PI3K-dependent feedback loop in

human cancer. J Clin Invest 2008; 118: 3065–3074.

10. Rong R, Tang X, Gutmann DH, Ye K. Neurofibromatosis 2 (NF2) tumor suppressor merlin

inhibits phosphatidylinositol 3-kinase through binding to PIKE-L. Proc Natl Acad Sci USA

2004; 101: 18200–18205.

11. Petrilli AM, Fuse MA, Donnan MS, Bott M, Sparrow NA, Tondera D et al. A chemical biology

approach identified PI3K as a potential therapeutic target for neurofibromatosis type 2. Am J

Transl Res 2014; 6: 471–493.

12. Garnett MJ, Edelman EJ, Heidorn SJ, Greenman CD, Dastur A, Lau KW et al. Systematic

identification of genomic markers of drug sensitivity in cancer cells. Nature 2012; 483:

570–575.

13. Cedres S, Montero MA, Martinez P, Martinez A, Rodriguez-Freixinos V, Torrejon D et al.

Exploratory analysis of activation of PTEN-PI3K pathway and downstream proteins in

malignant pleural mesothelioma (MPM). Lung Cancer 2012; 77: 192–198.

14. Bitanihirwe BK, Meerang M, Friess M, Soltermann A, Frischknecht L, Thies S et al. PI3K/

mTOR signaling in mesothelioma patients treated with induction chemotherapy followed by

extrapleural pneumonectomy. J Thorac Oncol 2014; 9: 239–247.

15. Maira SM, Stauffer F, Brueggen J, Furet P, Schnell C, Fritsch C et al. Identification and

characterization of NVP-BEZ235, a new orally available dual phosphatidylinositol 3-kinase/

mammalian target of rapamycin inhibitor with potent in vivo antitumor activity. Mol Cancer

Ther 2008; 7: 1851–1863.

16. Salphati L, Pang J, Plise EG, Lee LB, Olivero AG, Prior WW et al. Preclinical assessment of

the absorption and disposition of the phosphatidylinositol 3-kinase/mammalian target of

rapamycin inhibitor GDC-0980 and prediction of its pharmacokinetics and efficacy in human.

Drug Metab Dispos 2012; 40: 1785–1796.

17. Dolly S, Bendell JC, Kindler H, Lauchle JO, Krug LM, Seiwert TY et al. Evaluation of

Tolerability and Anti-tumor Activity of GDC-0980, an Oral PI3K/mTOR Inhibitor, Administered

to Patients with Advanced Solid Tumors or Non-Hodgkin's Lymphoma. ECCO-ESMO-

ESTRO 2013. EJC: Amsterdam, The Netherlands, 2013.

18. Makker V, Recio FO, Ma L, Matulonis U, O'Hara Lauchle J, Parmar H et al. Phase II trial of

GDC-0980 (dual PI3K/mTOR inhibitor) in patients with advanced endometrial carcinoma:

final study results. J Clin Oncol 2014. (abstract 5513).

19. Fischer B, Frei C, Moura U, Stahel R, Felley-Bosco E. Inhibition of phosphoinositide-3 kinase

pathway down regulates ABCG2 function and sensitizes malignant pleural mesothelioma to

chemotherapy. Lung Cancer 2012; 78: 23–29.

20. Brachmann SM, Hofmann I, Schnell C, Fritsch C, Wee S, Lane H et al. Specific

apoptosis induction by the dual PI3K/mTor inhibitor NVP-BEZ235 in HER2 amplified

and PIK3CA mutant breast cancer cells. Proc Natl Acad Sci USA 2009; 106:

22299–22304.

21. Serra V, Markman B, Scaltriti M, Eichhorn PJ, Valero V, Guzman M et al. NVP-BEZ235, a

dual PI3K/mTOR inhibitor, prevents PI3K signaling and inhibits the growth of cancer cells

with activating PI3K mutations. Cancer Res 2008; 68: 8022–8030.

22. Wallin JJ, Edgar KA, Guan J, Berry M, Prior WW, Lee L et al. GDC-0980 is a novel class I

PI3K/mTOR kinase inhibitor with robust activity in cancer models driven by the PI3K

pathway. Mol Cancer Ther 2011; 10: 2426–2436.

23. Bitterman PB, Polunovsky VA. Attacking a nexus of the oncogenic circuitry by reversing

aberrant eIF4F-mediated translation. Mol Cancer Ther 2012; 11: 1051–1061.

24. Usami N, Fukui T, Kondo M, Taniguchi T, Yokoyama T, Mori S et al. Establishment and

characterization of four malignant pleural mesothelioma cell lines from Japanese patients.

Cancer Sci 2006; 97: 387–394.

25. Shapiro IM, Kolev VN, Vidal CM, Kadariya Y, Ring JE, Wright Q et al. Merlin deficiency

predicts FAK inhibitor sensitivity: a synthetic lethal relationship. Sci Transl Med 2014; 6:

237ra68.

26. Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S et al. The Cancer

Cell Line Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature

2012; 483: 603–607.

27. Nakatogawa H, Suzuki K, Kamada Y, Ohsumi Y. Dynamics and diversity in autophagy

mechanisms: lessons from yeast. Nat Rev Mol Cell Biol 2009; 10: 458–467.

28. Liu B, Wen X, Cheng Y. Survival or death: disequilibrating the oncogenic and tumor

suppressive autophagy in cancer. Cell Death Dis 2013; 4: e892.

29. Liu TJ, Koul D, LaFortune T, Tiao N, Shen RJ, Maira SM et al. NVP-BEZ235, a novel dual

phosphatidylinositol 3-kinase/mammalian target of rapamycin inhibitor, elicits multifaceted

antitumor activities in human gliomas. Mol Cancer Ther 2009; 8: 2204–2210.

30. Fan QW, Cheng C, Hackett C, Feldman M, Houseman BT, Nicolaides T et al. Akt

and autophagy cooperate to promote survival of drug-resistant glioma. Sci Signal 2010; 3:

ra81.

31. Cerniglia GJ, Karar J, Tyagi S, Christofidou-Solomidou M, Rengan R, Koumenis C et al.

Inhibition of autophagy as a strategy to augment radiosensitization by the dual

phosphatidylinositol 3-kinase/mammalian target of rapamycin inhibitor NVP-BEZ235. Mol

Pharmacol 2012; 82: 1230–1240.

32. Tang JY, Dai T, Zhang H, Xiong WJ, Xu MZ, Wang XJ et al. GDC-0980-induced apoptosis is

enhanced by autophagy inhibition in human pancreatic cancer cells. Biochem Biophys Res

Commun 2014; 453: 533–538.

PI3K/mTOR signaling and autophagy in mesothelioma
N Echeverry et al

11

Cell Death and Disease



33. Shi Y, Felley-Bosco E, Marti TM, Orlowski K, Pruschy M, Stahel RA. Starvation-induced

activation of ATM/Chk2/p53 signaling sensitizes cancer cells to cisplatin. BMC Cancer 2012;

12: 571.

34. Brunner-Kubath C, Shabbir W, Saferding V, Wagner R, Singer CF, Valent P et al. The PI3

kinase/mTOR blocker NVP-BEZ235 overrides resistance against irreversible ErbB inhibitors

in breast cancer cells. Breast Cancer Res Treat 2011; 129: 387–400.

35. Manara MC, Nicoletti G, Zambelli D, Ventura S, Guerzoni C, Landuzzi L et al. NVP-BEZ235

as a new therapeutic option for sarcomas. Clin Cancer Res 2010; 16: 530–540.

36. Chiarini F, Grimaldi C, Ricci F, Tazzari PL, Evangelisti C, Ognibene A et al. Activity

of the novel dual phosphatidylinositol 3-kinase/mammalian target of rapamycin inhibitor

NVP-BEZ235 against T-cell acute lymphoblastic leukemia. Cancer Res 2010; 70:

8097–8107.

37. Bray K, Mathew R, Lau A, Kamphorst JJ, Fan J, Chen J et al. Autophagy suppresses RIP

kinase-dependent necrosis enabling survival to mTOR inhibition. PLoS One 2012; 7:

e41831.

38. Seitz C, Hugle M, Cristofanon S, Tchoghandjian A, Fulda S. The dual PI3K/mTOR inhibitor

NVP-BEZ235 and chloroquine synergize to trigger apoptosis via mitochondrial-lysosomal

cross-talk. Int J Cancer 2013; 132: 2682–2693.

39. Xu CX, Zhao L, Yue P, Fang G, Tao H, Owonikoko TK et al. Augmentation of NVP-BEZ235's

anticancer activity against human lung cancer cells by blockage of autophagy. Cancer Biol

Ther 2011; 12: 549–555.

40. Poole B, Ohkuma S. Effect of weak bases on the intralysosomal pH in mouse peritoneal

macrophages. J Cell Biol 1981; 90: 665–669.

41. Galluzzi L, Bravo-San Pedro JM, Vitale I, Aaronson SA, Abrams JM, Adam D et al. Essential

versus accessory aspects of cell death: recommendations of the NCCD 2015. Cell Death

Differ 2014; 22: 58–73.

42. Degterev A, Hitomi J, Germscheid M, Ch'en IL, Korkina O, Teng X et al. Identification

of RIP1 kinase as a specific cellular target of necrostatins. Nat Chem Biol 2008; 4:

313–321.

43. De Luca A, Maiello MR, D'Alessio A, Pergameno M, Normanno N. The RAS/RAF/MEK/ERK

and the PI3K/AKT signalling pathways: role in cancer pathogenesis and implications for

therapeutic approaches. Expert Opin Ther Targets 2012; 16: S17–S27.

44. Daubriac J, Fleury-Feith J, Kheuang L, Galipon J, Saint-Albin A, Renier A et al. Malignant

pleural mesothelioma cells resist anoikis as quiescent pluricellular aggregates. Cell Death

Differ 2009; 16: 1146–1155.

45. Kim KU, Wilson SM, Abayasiriwardana KS, Collins R, Fjellbirkeland L, Xu Z et al. A novel

in vitro model of human mesothelioma for studying tumor biology and apoptotic resistance.

Am J Respir Cell Mol Biol 2005; 33: 541–548.

46. Barbone D, Ryan JA, Kolhatkar N, Chacko AD, Jablons DM, Sugarbaker DJ et al. The Bcl-2

repertoire of mesothelioma spheroids underlies acquired apoptotic multicellular resistance.

Cell Death Dis 2011; 2: e174.

47. Barbone D, Yang TM, Morgan JR, Gaudino G, Broaddus VC. Mammalian target of rapamycin

contributes to the acquired apoptotic resistance of human mesothelioma multicellular

spheroids. J Biol Chem 2008; 283: 13021–13030.

48. Friedrich J, Seidel C, Ebner R, Kunz-Schughart LA. Spheroid-based drug screen:

considerations and practical approach. Nat Protoc 2009; 4: 309–324.

49. Kadota K, Suzuki K, Colovos C, Sima CS, Rusch VW, Travis WD et al. A nuclear grading

system is a strong predictor of survival in epitheloid diffuse malignant pleural mesothelioma.

Mod Pathol 2012; 25: 260–271.

50. Britschgi A, Andraos R, Brinkhaus H, Klebba I, Romanet V, Muller U et al. JAK2/STAT5

inhibition circumvents resistance to PI3K/mTOR blockade: a rationale for cotargeting these

pathways in metastatic breast cancer. Cancer Cell 2012; 22: 796–811.

51. Kanteti R, Dhanasingh I, Kawada I, Lennon FE, Arif Q, Bueno R et al. METand PI3K/mTOR

as a potential combinatorial therapeutic target in malignant pleural mesothelioma. PLoS One

2014; 9: e105919.

52. Soares HP, Ming M, Mellon M, Young SH, Han L, Sinnet-Smith J et al. Dual PI3K/mTOR

inhibitors induce rapid over-activation of the MEK/ERK pathway in human pancreatic cancer

cells through suppression of mTORC2. Mol Cancer Ther 2015; 14: 1014–1023.

53. Klempner SJ, Myers AP, Cantley LC. What a tangled web we weave: emerging resistance

mechanisms to inhibition of the phosphoinositide 3-kinase pathway. Cancer Discov 2013; 3:

1345–1354.

54. Muranen T, Selfors LM, Worster DT, Iwanicki MP, Song L, Morales FC et al. Inhibition of

PI3K/mTOR leads to adaptive resistance in matrix-attached cancer cells. Cancer Cell 2012;

21: 227–239.

55. Riley A, Jordan LE, Holcik M. Distinct 5' UTRs regulate XIAP expression under normal

growth conditions and during cellular stress. Nucleic Acids Res 2010; 38: 4665–4674.

56. Holcik M, Korneluk RG. XIAP the guardian angel. Nat Rev Mol Cell Biol 2001; 2:

550–556.

57. Korolchuk VI, Mansilla A, Menzies FM, Rubinsztein DC. Autophagy inhibition compromises

degradation of ubiquitin-proteasome pathway substrates. Mol Cell 2009; 33: 517–527.

58. Zhao J, Brault JJ, Schild A, Cao P, Sandri M, Schiaffino S et al. FoxO3 coordinately activates

protein degradation by the autophagic/lysosomal and proteasomal pathways in atrophying

muscle cells. Cell Metab 2007; 6: 472–483.

59. Mirzoeva OK, Hann B, Hom YK, Debnath J, Aftab D, Shokat K et al. Autophagy suppression

promotes apoptotic cell death in response to inhibition of the PI3K-mTOR pathway in

pancreatic adenocarcinoma. J Mol Med 2011; 89: 877–889.

60. Ghadimi MP, Lopez G, Torres KE, Belousov R, Young ED, Liu J et al. Targeting the PI3K/

mTOR axis, alone and in combination with autophagy blockade, for the treatment of

malignant peripheral nerve sheath tumors. Mol Cancer Ther 2012; 11: 1758–1769.

61. Yabal M, Muller N, Adler H, Knies N, Gross CJ, Damgaard RB et al. XIAP restricts TNF- and

RIP3-dependent cell death and inflammasome activation. Cell Rep 2014; 7: 1796–1808.

62. Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T et al. Growth factor regulation of

autophagy and cell survival in the absence of apoptosis. Cell 2005; 120: 237–248.

63. Maes H, Kuchnio A, Peric A, Moens S, Nys K, De Bock K et al. Tumor vessel normalization

by chloroquine independent of autophagy. Cancer Cell 2014; 26: 190–206.

64. White E. Deconvoluting the context-dependent role for autophagy in cancer. Nat Rev Cancer

2012; 12: 401–410.

65. Guo JY, Xia B, White E. Autophagy-mediated tumor promotion. Cell 2013; 155: 1216–1219.

66. Phelps RM, Johnson BE, Ihde DC, Gazdar AF, Carbone DP, McClintock PR et al.

NCI-NavyMedical Oncology Branch cell line data base. J Cell Biochem Suppl 1996; 24: 32–91.

67. Versnel MA. Mesothelioma. In: Masters JR, Palson B (eds). Human Cell Culture. Springer:

The Netherlands, 2002, pp 87–106.

68. Manning LS, Whitaker D, Murch AR, Garlepp MJ, Davis MR, Musk AW et al. Establishment

and characterization of five human malignant mesothelioma cell lines derived from pleural

effusions. Int J Cancer 1991; 47: 285–290.

69. Knobel PA, Kotov IN, Felley-Bosco E, Stahel RA, Marti TM. Inhibition of REV3 expression

induces persistent DNA damage and growth arrest in cancer cells. Neoplasia 2011; 13:

961–970.

70. Thurneysen C, Opitz I, Kurtz S, Weder W, Stahel RA, Felley-Bosco E. Functional inactivation

of NF2/merlin in human mesothelioma. Lung Cancer 2009; 64: 140–147.

71. Liu H, He Z, von Rutte T, Yousefi S, Hunger RE, Simon HU. Down-regulation of autophagy-

related protein 5 (ATG5) contributes to the pathogenesis of early-stage cutaneous

melanoma. Sci Transl Med 2013; 5: 202ra123.

Cell Death and Disease is an open-access journal

published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International

License. The images or other third party material in this article are

included in the article’s Creative Commons license, unless indicated

otherwise in the credit line; if the material is not included under the

Creative Commons license, users will need to obtain permission from

the license holder to reproduce the material. To view a copy of this

license, visit http://creativecommons.org/licenses/by/4.0/

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

PI3K/mTOR signaling and autophagy in mesothelioma
N Echeverry et al

12

Cell Death and Disease


	title_link
	Results
	Drug sensitivity screening of mesothelioma cell lines
	No differences between sensitive and resistant cell lines in PI3K/mTORC1�/�2 signaling

	Figure 1 Identification of mesothelioma cell lines sensitive versus resistant to PI3K/mTOR inhibition.
	Figure 2 Decrease of PI3K/mTOR signaling is accompanied by G1 arrest, which is more pronounced in sensitive cell lines.
	MPM cell lines have high levels of basal autophagy
	SPC212 and Mero-82 cells have a high autophagic flux and autophagy blockade sensitizes them to PI3K/mTOR inhibitors inducing cell death in a RIP1-dependent manner
	Dual PI3K/mTOR inhibitors in combination with CQ induce cell death in 3D MPM

	Figure 3 Mesothelioma cells exhibit a high level of autophagy, which is increased upon inhibition of PI3K/mTOR signaling.
	Figure 4 Inhibition of autophagy with CQ sensitizes mesothelioma cell lines to PI3K/mTOR inhibitors.
	Discussion
	Figure 5 Autophagy is necessary for mesothelioma cell growth.
	Figure 7 Inhibition of autophagy with CQ combined with inhibition of PI3K/mTOR signaling induces spheroid cell death.
	Figure 6 Inhibition of autophagy with CQ combined with inhibition of PI3K/mTOR signaling induces caspase-independent cell death.
	Materials and Methods
	Reagents
	Cell culture
	Gel electrophoresis and immunoblotting
	Quantification of cell death by flow cytometry
	MTT assay and IC50 calculation
	Cell cycle analysis
	Spheroid formation
	Lentiviral gene transfer and gene silencing
	Statistical analysis
	We thank Mituna Ragulan, Manuel Ronner and Linn B&#x000E4;r for skillful assistance in western blotting analysis. We are grateful to Dr. Simon (Bern, CH) for Atg5 silencing plasmids and Dr. Kaufmann (Bern, CH) for the recombinant Annexin V-�GFP. We also t

	ACKNOWLEDGEMENTS


